The heat shock transcription factor HSF1 mediates the induction of heat shock genes in response to temperature elevation and other traumatic events. The induced hsps play roles in cellular repair and protective mechanisms. Immunocytochemistry revealed that in the unstressed rat, HSF1 was already prepositioned in the nucleus at abundant levels in both neuronal and glial cell types. Following a fever-like temperature, glial cells rapidly induced hsp70 whereas populations of large neurons did not. The lack of hsp70 induction in these neurons in vivo did not appear to be due to deficiencies in levels of nuclear HSF1. During postnatal development of the cerebellum, levels of HSF1 increased progressively from day 1 to 30. Members of the hsp gene set are also constitutively expressed in the unstressed animal and play roles as molecular chaperones. HSF2, which has been proposed as a developmental regulator of constitutive heat shock gene expression, demonstrated a developmental alteration in cellular localization, namely a nuclear distribution in neurons at postnatal day 2 and a cytoplasmic localization at day 30. During postnatal development the overall levels of neural HSF2 declined. This profile showed no obvious correlation with previously observed levels of constitutive hsp expression during postnatal neural development. q
Introduction
In response to a range of stressful stimuli, cells activate Ž . the highly conserved heat shock stress response in which ongoing gene expression is repressed and a set of genes Ž . w x encoding heat shock proteins hsps is induced 22,34 . Hsps play important roles in repair of cellular damage and w x in protection of cells from subsequent stress 14, 19, 34, 38 . The heat shock response has been widely studied in cells grown on tissue culture however, analysis of the in vivo response, particularly in the nervous system, is increasing w x 8,31 . Many hsps are also expressed constitutively in the unstressed cell where they play vital roles as molecular w x chaperones 3,14,15,18 .
Ž . Heat shock transcription factors HSF regulate the stress response at the transcription level by binding to a Ž . highly conserved heat shock element HSE which is w x present in the promoter region of heat shock genes 33,53 . In mammalian cells, HSF1 mediates the induction of heat shock genes in response to temperature elevation and other ) Corresponding author. Fax: q 1-416-287-7642; E-mail: ibrown@scar.utoronto.ca stresses whereas HSF2 is refractory to stressful stimuli w x 2, 21, 35, 41, 42, 45, 46, [48] [49] [50] . HSF1 is constitutively expressed and converts from a monomer to a DNA-binding trimer in response to stress. HSF2 has been reported to be activated during hemin-induced differentiation of erythrow x leukemia cells 49,50 and may play a role as a potential developmental regulator of heat shock gene expression w x during embryogenesis and spermatogenesis 23,32,44,47 . In previous studies, we have reported a differential induction of hsp70 in various cell types in the mammalian brain in response to a physiologically relevant increase in w x body temperature 5,6,8 . For example, glial cells in the adult brain, particularly oligodendrocytes, show a rapid induction of hsp70 mRNA and protein whereas several populations of large neurons, which exhibit high levels of w constitutive hsp70 and hsp90, do not 12,13,24-26,39, x 40,51 . During postnatal development of the brain, we have noted changes in the abundance levels of constitutively expressed heat shock proteins such as hsp90 and w x hsp60 9 .
Given the differential induction of hsp70 in cell types in the hyperthermic mammalian brain and developmental changes in constitutive hsp expression, the present study 0006-8993r99r$ -see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž . PII: S 0 0 0 6 -8 9 9 3 9 9 0 1 0 8 7 -2 ( ) Fig. 1 . Western blot analysis of HSF1 and HSF2 protein levels during Ž . postnatal development of the rat cerebellum. Aliquots 100 ug protein of cerebellar tissue extract obtained from animals at the indicated postnatal Ž . ages 1 to 30 days were subjected to Western blot analysis with a 1:50,000 dilution of HSF1 and HSF2 antibody. Proteins of approximate molecular weight 70 kDa were detected. Levels of HSF1 protein were observed to increase during postnatal cerebellar development while levels of HSF2 showed a developmental decrease. Cb, cerebellum.
was undertaken to investigate the in vivo localization in a range of neuronal and glial cell types of the heat shock transcription factors HSF1 and HSF2 during postnatal development and following hyperthermia. In addition, the abundance levels of HSF1 and HSF2 were examined during postnatal neural development.
Materials and methods

Induction of hyperthermia
Body temperature of male Wistar rats was elevated by Ž . 2.8 " 0.38C above normal body temperature 37.8 " 0.28C by placement of animals in a dry incubator preheated to 428C. Body temperature was monitored by a rectal thermistor probe. Maximum rectal temperature was reached 40 min after placement in the incubator. Rats were maintained at the increased body temperature of plus 2.8 " 0.38C for 1 h. In other cases, animals were allowed to recover for 4 h at room temperature after 1 h of elevated body temperature.
Western blot analysis
Tissue samples from Wistar rats at the indicated developmental ages were prepared for Western blot analysis as previously described using 'buffer C' containing protease w x inhibitors 7 . For the determination of protein levels of the Ž transcription factors HSF1 and HSF2, tissue extracts 100 . ug protein were subjected to ECL Western blot analysis w x 7 using primary antibody dilutions of 1:50,000. The two Ž antibodies, which were donated by Kevin Sarge Univer-. Ž sity of Kentucky and Richard Morimoto Northwestern . University , have previously been shown to be highly specific in discriminating mammalian HSF1 and HSF2 w x 46,47 . Data representative of developmental analyses on four sets of animals are shown. Western blot analysis of residual centrifugation pellets demonstrated that variation in extraction efficiency of HSF1 and HSF2 at the various developmental ages did not occur.
Immunocytochemistry
Brain tissue was prepared following intracardial perfusion with 4% paraformaldehyde and frozen sections cut on w x a cryostat at 20 um as previously described 25,26 . Tissue sections were rehydrated in 0.1 M phosphate buffer saline Ž . pH 7.4, 0.2% Triton X-100, 1.0% BSA PBS-G for 20 min at room temperature, blocked for 2 h at room temperature in PBS-G plus 5% normal goat serum. Sections were incubated at room temperature for 18 h in primary antibody diluted at 1:3000 for the HSF1 and HSF2 antibodies Ž and 1:15,000 for the hsp70 antibody code a971 from . Robert Tanguay, Laval University . We have previously demonstrated by two dimensional Western blotting that the 971 antibody is specific to the stress-inducible form of rat w x hsp70 and does not react to rat hsc70 27 . Sections were washed twice for 5 min in PBS-G and incubated for 2 h at Ž room temperature in goat anti-rabbit IgG from Vector . Lab diluted 1:400 in PBS-G plus 5% normal goat serum, washed twice for 5 min in PBS-G, incubated in 3% peroxidase at room temperature for 30 min, washed twice for 10 min in PBS-G and processed with the Vectastain Elite ABC kit for 1 h at room temperature followed by two Ž . washes in PBS-G. Diaminobenzidine DAB kit was used as the chromogen. No signal was observed when either the primary or secondary antibodies were omitted. Immunocytochemical data representative of three sets of animals are shown.
Results
Changes in leÕels of HSF1 and HSF2 during postnatal neural deÕelopment
Western blots revealed pronounced changes in levels of the heat shock transcription factors HSF1 and HSF2 during Fig. 1 , a developmental increase in HSF1 was noted in the cerebel-Ž . lum from postnatal day 1 to day 30 young adult . Other brain regions such as the cerebral cortex showed a similar ( )developmental increase in this transcription factor; however, the cortical HSF1 level was lower than that observed Ž . for cerebellum data not shown . As previously reported, the cerebellum contains the highest level of HSF1 in ( )w x regions of the adult brain 7 . Two isoforms of HSF1 protein were detected which likely arise from alternative w x splicing of HSF1 pre-mRNA 16 .
HSF2 may play a role as a potential developmental w x regulator on heat shock gene expression 23,44 . In contrast to the increase which was noted for HSF1, HSF2 demonstrated a developmental decline in abundance levels during postnatal development of the cerebellum from day Ž . 1 to day 30 Fig. 1 . Isoforms of HSF2 were apparent which were likely generated by alternative splicing of w x HSF2 pre-mRNA 11,17 . The lowest molecular weight isoform may correspond to the beta HSF2 form which has been reported to be a less potent transcriptional activator w x 17 .
Immunological localization of HSF1 in neuronal and glial cells of the control and hyperthermic rat brain
Immunocytochemistry was employed to determine the in vivo localization of HSF1 in neural cell types in the control and hyperthermic rat. In unstressed animals at postnatal day 30, HSF1 was already prepositioned in the nucleus of a range of neuronal and glial cell types. Purk-Ž . Ž . inje neurons PN and granule neurons GN in the cere-Ž . bellum Fig. 2A and brainstem neurons and oligodendro-Ž . cytes Fig. 2B ,C demonstrated a strong nuclear localization of HSF1 in control animals. In brainstem neurons, Ž some HSF1 reactivity was apparent in the cytoplasm Fig. . 2B . The nuclear pattern of HSF1 localization in neuronal and glial cells was also observed at earlier postnatal neural Ž stages which were examined postnatal days 2 and 11-. data not shown . Following a physiologically relevant elevation of body temperature of 2.8 " 0.38C, the nuclear pattern of HSF1 localization was retained in both neuronal Ž . and glial cell types in vivo shown as inserts in Fig. 2B,C . 
Intracellular localization of HSF2 in the rat brain
In the rat brain at postnatal day 30, HSF2 showed a prominent cytoplasmic localization in Purkinje neurons in Ž . the cerebellum Fig. 2D and in neurons of the brainstem Ž . and cerebral cortex Fig. 2E,F . Both the neuronal cell Ž . Ž . body arrows and dendritic processes arrowheads were positive for HSF2. Following a fever-like temperature shock of 2.8 " 0.38C, the cytoplasmic localization of HSF2 Ž . was retained data identical to Fig. 2D-F . Fig. 3 compares the nuclear localization of HSF1 at postnatal day 30 Ž . in brainstem neurons panel A to the cytoplasmic distribution of HSF2 in the cell body and dendritic processes of Ž . this class of neuron panel B . In contrast to this cytoplasmic localization of HSF2 in the young adult brain at postnatal day 30, a nuclear localization was apparent at postnatal day 2 in cortical and brainstem neurons in un-Ž . stressed animals Fig. 3C ,D . The difference between the nuclear localization of HSF2 in cortical and brain stem Ž . neurons at postnatal day 2 Fig. 3C ,D and the cytoplasmic distribution of HSF2 in the cell body and dendritic processes of cortical and brain stem neurons in the young Ž . adult Figs. 2 and 3B was striking. 
Effect of body temperature on neural hsp70 induction
Immunocytochemistry with an anti-hsp70 antibody demonstrated that a fever-like temperature increase of Ž . 2.8 " 0.38C induced hsp70 in glial cells G in both the cerebral cortex and brain stem of the young adult but not Ž . Ž . in neighbouring neurons N Fig. 3E ,F even though these neurons exhibited abundant levels of nuclear HSF1. The lack of hsp70 induction in populations of large neurons in response to a fever-like temperature shock does not appear to be due to deficiencies in HSF1. The high endogenous level of hsc70 in these neuronal cell populations, which we have previously reported, may dampen hsp70 induction w x 25-27 . In response to more severe stress such as isw x chemia, these neurons can induce hsp70 37 . The induced hsp70 in the glial cells in the cerebral cortex and brain Ž . stem was localized to the cell body arrows and to glial Ž .Ž . cellular processes arrowheads Fig. 3E,F . 
Discussion
Our previous studies and those of others, in both in vivo and in vitro mammalian neural systems, have reported that glial cells rapidly induce hsp70 in response to physiologically relevant temperature shock whereas several neuw x ronal populations do not 6,8,10,12 . The heat shock transcription factor HSF1 mediates stress induction of hsp genes by converting from a monomeric form to a DNA-binding trimeric form which complexes with specific heat Ž . shock elements HSE in the promoter region of hsp genes w x 33,53 . The present study was undertaken to examine HSF1 distribution in vivo in a range of neuronal and glial cells in the rat brain using immunocytochemistry. Despite the lack of hsp70 induction in populations of large neurons and the presence of this response in adjacent glial cells, Ž .
Ž . Ž . ( )abundant levels of HSF1 were detected in both neuronal and glial cells. As expected, HSF1 was localized to the nucleus of glial cells in hyperthermic animals since these cells show a robust induction of hsp70. The interesting observations are that HSF1 is already prepositioned in the nucleus of glial cells in the unstressed animal and that HSF1 is also present in the nucleus of neuronal cells in both control and hyperthermic animals. Previous studies on the cellular localization of HSF1 have focused primarily on tissue culture systems. In cultured Drosophila and Xenopus cells, HSF1 has been localized to the nucleus in w
The present results suggest that it is unlikely that the absence of a rapid hsp70 induction response in populations of large neurons in vivo is associated with deficiencies in HSF1 levels or nuclear localization. In primary cultures of hippocampal neurons, the absence of hsp70 induction in response to heat shock has been associated with a lack of w x HSF1 28 ; however, this HSF1 deficit appears to be a feature of this in vitro system as hippocampal neurons can induce hsp70 in vivo in response to severe stress such as w x ischemia 37 . Our previous in vivo studies have demonstrated that large neurons have high endogenous levels of constitutive hsc70 which may dampen hsp70 induction in w x response to a fever-like temperature 25-27 . We have suggested that large neurons may be preprotected against mild stress by their endogenous levels of hsc70 and hence avoid negative aspects of the heat shock response such as w x transient inhibition of ongoing protein synthesis 25 .
A pronounced developmental increase in HSF1 was apparent during postnatal neural development. Compared Ž . to the young adult day 30 , very low levels of HSF1 are present at postnatal day 1 to 5 however, a robust neural heat shock response is apparent at both ends of this age w x spectrum 4 . A question which arises is whether HSF1 has additional functions besides its role in stress induction of heat shock genes. Could there be additional targets of HSF1 which are non-hsp genes? Interestingly, recent studies in which the HSF1 gene has been disrupted in the mouse have shown that, in addition to loss of stress inducibility of the hsp gene set, specific defects are apparent in certain organ systems; for example, the null females w x are infertile 29 . This has led to the suggestion that HSF1 may have pleiotropic functions in mammalian reproducw x tion, development and physiological function 29 . In Drosophila, HSF is required for oogenesis and early larval development in addition to its role in stress induction of w x hsp genes 20 . The number of chromosomal HSF-binding sites greatly exceeds the number of known heat shock Ž . genes identified as heat shock puff sites in salivary gland squashes of Drosophila polytene chromosomes, suggesting additional functions for HSF besides classical induction of w x heat shock genes 52 .
In addition to inducibility by a range of stressful stimuli, members of the hsp gene set are constitutively expressed in unstressed cells and play roles as molecular w x chaperones 3,14,15,18 . HSF2 has been proposed as a potential developmental regulator of heat shock gene exw x pression 23, 32, 44, 47, 49, 50 . In contrast to the increase in HSF1 levels which were observed during postnatal cerebellar development, HSF2 showed a developmental decline. At postnatal day 2 during early differentiation of the cerebellum when HSF2 levels were comparatively high, the protein showed a nuclear localization in cortical and brainstem neurons as would be expected if it were acting as a transcription factor in constitutive expression of hsp genes. In the young adult, HSF2 showed a distinctly different cellular localization since a prominent cytoplasmic signal was apparent in both the neuronal cell body and dendritic processes. Interestingly, a recent study on spermatogenesis has reported that HSF2 exhibits a nuclear localization during early stages of differentiation and a w x cytoplasmic localization at later stages 1 .
In a recent study, we have suggested that members of the hsp gene set are differentially regulated during postnaw x tal neural development 9 . For example, while levels of hsp90 decrease in the developing cerebellum, levels of hsp60 show a developmental increase while hsc70 is abundant throughout postnatal development. These profiles of developmental change in constitutive expression of specific neural hsps show no obvious correlation with the pronounced developmental decline in HSF2 levels which were observed in the present study. Similarly, recent work which has investigated sites of constitutive hsp expression during mammalian embryogenesis has shown that members of the hsp gene set are non-coordinated in their regulation and that their expression patterns do not correw x late with the level or localization of HSF2 23,43 . In addition, during spermatogenesis, sites of constitutive hsp expression do not correlate with the pattern of HSF2 w x expression 1 . These observations together with the present findings on the localization of HSF2 in dendritic processes and the cell body of neurons of the young adult, suggest that, in addition to functioning as a nuclear transcription factor, HSF2 may be involved in other cellular processes. 
